Abstract-Homocysteine (Hcy) contributes to atherogenesis and angiostasis by altering the phenotype of arterial endothelial cells (ECs). The present study was aimed at elucidating potential mechanisms by which Hcy can slow EC proliferation and induce EC apoptosis, thereby disrupting endothelial integrity. Given the strong mitogenic and antiapoptotic properties of fibroblast growth factor (FGF)2, we examined whether Hcy can modulate its expression. In cultured human coronary and bovine aortic ECs, Hcy exerted time-and concentration-dependent (0 to 500 mol/L) reduction of the mRNA and protein levels of FGF2, whereas vascular endothelial growth factor expression was not affected until Hcy reached a proapoptotic 500 mol/L. By testing a panel of signal transduction inhibitors, we found that the Hcy-induced downregulation of FGF2 was specifically attenuated by pertussis toxin, an inhibitor of Gi protein signaling. Hcy induced cell cycle arrest at the G 1 /S transition and increased TUNEL-positive apoptotic cells in a graded manner. These effects were effectively counteracted by exogenous FGF2. Reporter gene assays showed that Hcy downregulated FGF2 by transcriptional repression of the gene promoter encompassed in a CpG dinucleotide-rich island. This region was heavily methylated at the cytosine residues by Hcy despite decreased methylation potential (S-adenosylmethionine to S-adenosylhomocysteine ratio). Normal levels of FGF2 transcription were restored to ECs simultaneously exposed to Hcy and 5-aza-deoxycytidine. We conclude that homocysteine disrupts the growth and survival of ECs through a G protein-mediated pathway associated with altered promoter DNA methylation and the transcriptional repression of FGF2. 
O cclusive vascular diseases profoundly contribute to morbidity and mortality in industrialized populations, prompting exhaustive approaches to identifying and characterizing potential etiologic factors. One potential factor, an elevated plasma homocysteine (Hcy) concentration, arises from the abnormal metabolism of methionine from dietary protein. Nearly 40 years ago, a series of case studies led to the proposal that despite different metabolic deficiencies causing homocystinuria, the common excess metabolite homocysteine induced premature atherosclerosis and fatal thrombosis. 1, 2 Controversy remains over whether hyperhomocysteinemia (HHcy) is an independent or a conditional risk factor or simply a marker of cardiovascular disease. [3] [4] [5] [6] Mild to moderate HHcy has been detected in 12% to 47% of patients exhibiting coronary, cerebral, and peripheral arterial diseases. 3 Abundant clinical and epidemiological studies have associated HHcy with heightened risks of arterial diseases, yet not all prospective studies have reached this conclusion. Recent metaanalyses have indicated that increases in plasma Hcy concentration of merely 3 to 5 mol/L can raise the risk for myocardial infarction, stroke, or venous thromboembolism by 10% to 27%. [7] [8] [9] Likewise, some, yet not all, clinical trials testing Hcy-lowering strategies have found a diminished recurrence of cardiovascular events such as restenosis, stroke, or venous thromboembolism. 10 -12 Atherosclerosis/angiostasis partially stems from the injury or phenotypic alteration of endothelial cells (ECs), the cells in the frontline against vascular disturbance. The histological examination of hyperhomocysteinemic (HHcyc) rats revealed an increased recruitment of monocytes to aortic endothelium accompanied by elevated immunostaining for monocyte chemoattractant protein-1, vascular cell adhesion molecule-1, and E-selectin. 13 Studies in humans and several transgenic murine models of HHcy have uncovered widespread arterial endothelial dysfunction in cerebral, mesenteric, and cremasteric arterioles. 14 -17 Endothelial dysfunction in HHcyc mice has been associated with a decreased bioavailability of endothelial NO through diminished eNOS activity; however, the induction of oxidative stress does not consistently represent a Hcy-specific mechanism of endothelial damage. 16, 17 Recently, more and more data have accumulated that inhibition of angiogenesis in HHcyc subjects can be attributed to EC apoptosis and impaired angiogenic response involving EC proliferation, migration, and tube formation. 18, 19 Although the angiostatic effect of Hcy has been suggested to arise from the decreased expression of angiogenic growth factors, the underlying mechanism has not been thoroughly characterized. 20 The specific conversion of Hcy to S-adenosyl Hcy (SAH) represents another mechanism capable of perturbing EC phenotype. 21, 22 Altered methylation patterns associated with increased levels of SAH have been reported to modulate protein function and the transcriptional control of GC-rich promoters. 23, 24 In addition, Hcy conversion to SAH was associated with decreases in p21ras carboxymethylation, extracellular signal-regulated kinase 1 ⁄2-mediated signaling and cyclin A expression. 22, 25, 26 Altogether, ECs treated with clinically relevant concentrations of Hcy exhibited decreased DNA synthesis and delayed progression through the cell cycle at the G 1 /S transition. 22 We previously demonstrated that copper-oxidized LDL (oxLDL) and L5, an electronegative LDL isolated from hypercholesterolemic or type 2 diabetic human plasma, can inhibit EC proliferation and angiogenesis. 27, 28 These angiostatic effects of oxLDL and L5 were accompanied by the downregulation of fibroblast growth factor (FGF)2 and inhibited by FGF2 supplementation. 29 -32 In contrast, vascular endothelial growth factor (VEGF) failed to attenuate oxLDLinduced angiostasis. 29 We also found that a pertussis toxinsensitive G protein pathway was involved in the oxLDLmediated downregulation of FGF2. 31 The ability of Hcy to inhibit EC proliferation and angiogenesis resembled that of our modified LDLs. On the basis of this finding, we confirmed the effects of clinically significant Hcy concentrations on EC growth and survival before mechanistic studies investigating whether Hcy can alter the expression of FGF2 or VEGF through specific regulatory pathways.
Materials and Methods
The chemicals and reagents used in this study and all experimental techniques, including cell cultures and treatment protocols, inhibitors of signal transduction pathways, DNA synthesis, FGF2 and VEGF ELISA, cell viability 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay, fluorescence-activated cell-sorting analysis, TUNEL assays, real-time PCR, cell transfection and reporter gene assays, liquid chromatography-tandem mass spectrometry (MS/MS) measurement for S-adenosylmethionine (SAM) and SAH and bisulfite genomic DNA sequencing are described in the online data supplement, available at http://circres.ahajournals.org.
Statistical Analysis
The significance of the differences between group means was assessed by a modified t test (Bonferroni test) for multiple comparisons. An ANOVA followed by Scheffé's test for significance were used to compare concentration-and time-dependent responses. A probability value of Ͻ0.05 was considered significant. Results were expressed as meansϮSEM values.
Results

Hcy Decreased DNA Synthesis and Cell Viability
The exposure of bovine aortic ECs (BAECs) to Hcy for 24 hours decreased DNA synthesis in a concentration-dependent manner ( Figure 1A ). Compared with PBS control, 50 and 100 mol/L Hcy reduced 3 H-thymidine incorporation by 20% and 30%, respectively, without increasing the number of dead cells. Similarly, MTT assay revealed that treatment with 100 mol/L Hcy decreased cell viability by 40% ( Figure 1A ). At concentrations Ͼ100 mol/L, Hcy not only decreased DNA synthesis by 70% but also greatly reduced cell viability and markedly increased dead cell population ( Figure 1A) . Consistent with the inhibitory effect on 3 H-thymidine incorporation, Hcy markedly decreased cell viability in a time-and concentration-dependent manner, whereas cysteine had no 
Hcy Reduced FGF2 Expression in BAECs and Human Coronary Arterial ECs
Because FGF2 is a potent mitogenic and antiapoptotic protein, we examined whether Hcy may affect its endogenous expression. As assayed by ELISA, Hcy decreased intracellular FGF2 in a concentration-dependent (25 to 500 mol/L at 24 hours) and time-dependent (24 to 96 hours at 100 mol/L) manner in BAECs (Figure 2A , top graphs). These concentration-and time-dependent effects of Hcy on FGF2 reduction were species independent because human coronary arterial ECs (HCAECs) had similar response to Hcy ( Figure  2A , bottom graphs). FGF2 mRNA levels were determined by real-time PCR ( Figure 2B ). In both BAECs and HCAECs treated with 100 mol/L Hcy for 24 hours, FGF2, but not FGFR1, mRNA was decreased by 40% relative to PBS control, compatible with the extent of FGF2 protein reduction assayed by ELISA. Cysteine and methionine, 2 important sulfur-containing amino acids derived from Hcy metabolism, had no effect.
In comparison with FGF2, the intracellular VEGF protein levels were not changed until Hcy reached a proapoptotic concentration of 500 mol/L at 24 hours in BAECs (supplemental Figure IIA ) and HCAECs (supplemental Figure IIB) . There was no reduction in intracellular VEGF through 96 hours with 100 mol/L Hcy. In contrast to FGF2 mRNA, which was reduced by 100 mol/L Hcy, VEGF mRNA levels were not affected at this physiological concentration. When Hcy was raised to 500 mol/L, both FGF2 and VEGF mRNA were remarkably reduced as a result of cell death (supplemental Figure IIC ).
Involvement of G Protein Signaling in Hcy-Induced FGF2 Downregulation
The signal transduction pathways of Hcy-mediated FGF2 downregulation were investigated using pharmacological inhibitors ( Figure 2C ). At 24 hours Hcy (100 mol/L) decreased intracellular FGF2 protein by Ϸ40% compared with PBS. This inhibitory effect was remarkably blocked in cells incubated with the G protein inhibitor pertussis toxin (100 ng/mL) for 18 hours before Hcy exposure. In contrast, pretreating the cells with the MEK/MAPK inhibitor PD-98059 (20 mol/L) for 18 hours or the protein kinase C inhibitor Ro-31 to 8220 (3.5 mol/L) for 1 hour failed to counteract the inhibitory effects of Hcy on FGF2 protein levels. Blocking the cGMP-and cAMP-dependent protein kinase with HA-1004 (10 mol/L) for 18 hours or chelating the intracellular Ca 2ϩ with BAPTA-AM (16 mol/L) for 1 hour also failed to attenuate the effect of Hcy.
Effects of FGF2 on Hcy-Induced Cell Cycle Arrest and Apoptosis
Given that Hcy can inhibit the expression of FGF2 in ECs, we examined whether providing these growth factors could counteract the effects of Hcy on DNA synthesis and cell cycle progression. In the absence of Hcy, both FGF2 and VEGF-165 (50 ng/mL each) significantly increased DNA replication. With 100 mol/L Hcy, however, only FGF2 completely restored normal levels of DNA synthesis ( Figure 3A) . Thus, Hcy did not impair the ability of exogenous FGF2 to promote DNA replication. Conversely, in the presence of Hcy, VEGF-165 did not significantly increase DNA replication. The exposure of BAECs to 100 mol/L Hcy significantly increased the percentage of cells retained in the G 1 phase of the cell cycle (from 60% to 76%; PϽ0.05; nϭ3) ( Figure 3B and supplemental Table II) , with a concomitant decrease in cells entering the S phase and no effect on the G 2 /M transition. As anticipated, the simultaneous treatment of BAECs with FGF2 prevented Hcy-induced G 1 arrest, whereas VEGF-165 was ineffective. This could reflect the noninvolvement of VEGF in this effect of Hcy (supplemental Figure II) .
The effects of FGF2 and VEGF on Hcy-induced EC apoptosis were evaluated using TUNEL assay (Figure 4 
Transcriptional Regulation of FGF2
Human FGF2 genomic DNA fragments were generated by PCR and inserted into the firefly luciferase vector pGL3. The promoter activities of these constructs were evaluated in HCAECs in the presence or absence of 100 mol/L Hcy ( Figure 5 ). Compared with pGL3-basic, the Ϫ968/ϩ43 construct increased luciferase activity by 40-fold. Deletion from Ϫ968 to Ϫ127 resulted in an additional 3-fold increase, suggesting the removal of negative regulatory elements in this region. Further deletion from Ϫ126 to Ϫ101 modestly reduced promoter activity. However, further deletion to Ϫ34 resulted in a Ͼ80% decrease in FGF2 promoter activity, indicating that a basal promoter was located between Ϫ100 and Ϫ35. The addition of 100 mol/L Hcy, but not cysteine or methionine, reduced reporter activities by Ϸ30% to 40% from constructs spanning Ϫ968/ϩ43, Ϫ126/ϩ43, and Ϫ100/ ϩ43 but not in Ϫ34/ϩ43 or ϩ24/ϩ179 lacking crucial promoter sequences. These results indicate a basal promoter driving FGF2 transcription that can be repressed by the treatment of HCAECs with Hcy.
Methylation Status of FGF2 Gene
An analysis of the human FGF2 gene identified an 1877-bp CpG island spanning from Ϫ532 in the 5Ј-flanking region and extending through exon 1 into the first intron. This portion of the human FGF2 gene encompasses the Hcyresponsive basal promoter, as well as clusters of CpG dinucleotides predicted to be methylation sensitive (supplemental Figure IIIA) . To investigate whether methylation participates in Hcy-induced FGF2 downregulation, the methylation status of CpG dinucleotides in the FGF2 promoter was characterized by bisulfite genomic DNA sequencing in Hcy-treated HCAECs (supplemental Figure IIIB) . Thirty-one CpG dinucleotides, numbers 1 to 31, in the FGF2 5Ј-flanking region were analyzed using 2 pairs of primers (CpG primer 1S/1AS; CpG primer 2S/2AS) designed to amplify the FGF2 promoter region. None of the 31 cytosine residues was methylated in the PBS control cells. In contrast, cytosine residue numbers 9 to 28 were methylated in the presence of 100 mol/L Hcy, and increasing Hcy to 500 mol/L resulted in methylation of all 31 cytosine residues (supplemental Figure IIIB) . These data indicate that Hcy promotes methylation of the CpG dinucleotides in the FGF2 promoter and thus represses FGF2 transcriptional activity in ECs.
Reporter gene assay was performed to compare transcriptional activities of FGF2 in HCAECs cultured in the presence of Hcy with or without the methylation inhibitor 5-azadeoxycytidine (5-aza-dC). As shown in Figure 6A , the promoter activities of Ϫ969/ϩ43 and Ϫ126/ϩ43 constructs containing an Hcy-response element were reduced by Hcy; addition of 5-aza-dC significantly attenuated the Hcy effect. Cellular FGF2 mRNA levels in the presence of Hcy with or without 5-aza-dC were compared across HCAECs by realtime PCR ( Figure 6B ). Consistent with reporter gene assays, Hcy alone resulted in a Ϸ40% reduction in FGF2 mRNA. The addition of 5-aza-dC to Hcy-treated HCAECs increased cellular FGF2 mRNA to normal levels. These results indicate that DNA methylation is an important mechanism mediating FGF2 transcription and cell proliferation in HCAECs.
Discussion
Our data showing that Hcy can specifically downregulate FGF2 expression in arterial ECs reveal a novel mechanism whereby HHcy can be angiostatic. The schematic in Figure 7 outlines a signaling pathway through which Hcy can impair endothelial proliferation/survival by FGF2 suppression. As an important risk factor for atherosclerosis, Hcy can therefore exhibit synergistic EC toxicity with oxLDL or L5 by a shared pathway related to FGF2. 27,29 -31 The close interplay between Hcy and modified LDL is strengthened by a prior report demonstrating that in human umbilical vein endothelial cells, Hcy enhances the oxidation of human LDL and facilitates its subsequent uptake by macrophages. 33 Others have also shown that Hcy can upregulate lectin-like oxLDL receptor-1 in endothelial and mononuclear cells and increase oxLDL toxicities. 34 Collectively, our results support crosstalk between Hcy and oxLDL and signify the need to upregulate or introduce FGF2 to counteract their pathological effects on ECs. Both FGF2 and VEGF contribute to angiogenesis by promoting EC proliferation, migration, and tube formation. These processes were inhibited in BAECs exposed to Hcy at a supraphysiological concentration (5 mmol/L). 18 This observation highlighted the need to confirm the effects of Hcy on EC proliferation and viability within a clinically significant Hcy concentration range before mechanistic investigation. HHcy has been defined as a plasma concentration exceeding 14 mol/L and is considered severe at levels beyond 100 mol/L, arising from rare metabolic defects of thiol amino acid metabolism. Notwithstanding, mild HHcy (15 to 30 mol/L) has been associated with increased risks for a variety of occlusive vascular diseases. 3,4,6 -9 Thus, our experiments were conducted by incubating BAECs or HCAECs with Hcy ranging from 25 to 500 mol/L. We have shown here that the treatment of ECs with Hcy concentrations characterizing mild to moderate HHcy (25-100 mol/L) decreased DNA replication without increasing apoptosis. A structural analog of Hcy, cysteine, did not mimic the effects of Hcy on EC viability or FGF2 expression, indicating that the effects of Hcy occurred independently of thiol reactivity. Hcy-induced changes in EC phenotype were accompanied by decreased levels of intracellular FGF2 but not VEGF at more physiological, nonapoptotic concentrations (Յ100 mol/L). On the contrary, high-dose Hcy at proapoptotic levels (500 mol/L) decreased intracellular FGF2 as well as VEGF, consistent with the activation of degradative pathways and cell death (Figures 1 and 7) . These observations offer a potential explanation for the severe damage or denudation of arterial endothelium in homozygous homocystinurics or experimental primates infused with large amounts of Hcy. 2, 35 Several other derivatives of Hcy, such as Hcy thiolactone, S-nitroso Hcy, or SAH, affect vascular homeostasis. In BAECs and HCAECs treated with 100 mol/L Hcy, we found reduced levels of FGF2 protein and mRNA. Thus, our study focused on SAH because this metabolite has been shown to affect gene expression at the epigenetic level by shifting the cellular methylation potential. 36 In our culture protocol described by Wang et al, 22 adenosine and erythro-9-[3-(2-hydroxynonyl)]adenine (EHNA) were added with Hcy to favor the increased production of SAH through the enzyme SAH hydrolase. We measured intracellular levels of SAM and SAH in HCAECs by liquid chromatography-MS/MS to better define the relation between cellular methylation potential (expressed as SAM/SAH ratio) and Hcymediated cytotoxicities (Table) . Indeed, increasing Hcy concentrations were associated with a dose-dependent increase in intracellular SAH but a concomitant decrease in methylation potential (Table) , which is correlated with the observed Hcy effects (Figure 1 ). These culture conditions, with EHNA and adenosine in the medium, were required to observe the adverse effects of 25 to 500 mol/L Hcy on EC growth and survival and the downregulation of FGF2. Hcy alone (up to 500 mol/L) did not induce these EC toxicities (data not shown).
We have shown here that Hcy downregulated FGF2 through the transcriptional repression of its promoter. Hcy reportedly modulates the expression of multiple genes in different cell types through changes in transcription factor activity 37 or DNA methylation. 25 This prompted our analysis of the Hcy-responsive basal promoter identified here from Ϫ100 to Ϫ34 using the TRANSFAC database. Although searches failed to reveal NF-B sites, we identified GC boxes with CpG islands that can be regulated by methylation. 38 In cultured cells, Hcy has been shown to induce gene-specific DNA hypomethylation regulating the expression of Hcyinduced endoplasmic reticulum protein (HERP) and an imprinted gene H19. 39, 40 However, some reports indicate that hypomethylation can be followed by the global hypermethylation of DNA through mechanisms not yet understood. 39 In fact, leukocytic DNA from an SAH hydrolase-deficient individual paradoxically has been found to be hypermethylated. 41 Our discovery that Hcy-induced FGF2 downregulation could be attenuated by 5-aza-dC, a well-known demethylating reagent, 42 also supported the paradoxical hypermethylation of the FGF2 promoter as illustrated in Figure 7 . Among the genes previously shown to be upregulated in Hcy-treated human umbilical vein endothelial cells, the bifunctional enzyme NAD-dependent methylenetetrahydrofolate dehydrogenase/methenyltetrahydrofolate cyclohydrolase (NMDMC) has been identified with the ability to increase the production of 5-methyltetrahydrofolate required for Hcy remethylation. 43 Thus, ECs may be able to adjust to Our findings present important clinical implications because angiogenesis plays a crucial role in different physiological and pathological processes such as embryonic development, wound repair, tumor growth, and atherosclerosis. FGF2 and VEGF are not necessarily functionally redundant during angiogenesis accompanying atherosclerosis, such as plaque neovascularization and collateral arteriogenesis. 44, 45 In the present study, it is obvious that FGF2 is more susceptible to Hcy than VEGF in terms of gene expression: FGF2 was suppressed at as low as 100 mol/L, but VEGF reduction did not occur until Hcy reached a proapoptotic concentration of 500 mol/L. This explains why VEGF failed to attenuate cell cycle arrest but could ameliorate apoptosis when Hcy concentrations were raised from antiproliferative to antisurvival levels ( Figure 7) . Moreover, our findings that Hcy-mediated programmed cell death could be effectively ameliorated by either FGF2 or VEGF also support the involvement of two distinct apoptotic pathways in ECs as previously reported. 46 Consistent with these results, it is well known that Hcy activates the unfolded protein response and induces apoptosis through a Fas-mediated extrinsic pathway, which could presumably be prevented by VEGF. 47, 48 In contrast, FGF2 protects against EC apoptosis through an intrinsic pathway independent of VEGF signaling. 46 Altogether, these reports suggest a complex interplay between FGF2 and VEGF signaling in Hcy metabolism that can incur endothelial phenotypic changes.
In summary, compensatory arteriogenesis has been shown to be orchestrated by either FGF2 or VEGF. oxLDL, L5, or Hcy may inhibit this process by repressing FGF2 expression in ECs through a species-independent manner. [27] [28] [29] [30] [31] Understanding the mechanisms by which Hcy and modified LDL, including oxLDL and L5, can inhibit angiogenesis may suggest novel therapeutic strategies to upregulate angiogenesis, thereby promoting the perfusion of ischemic tissues, such as for collateral arteriogenesis or optimal embryonic development, or to downregulate angiogenesis and attenuate cancer. 
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